Abstract Cold temperature, dietary restriction, reduced insulin/insulin-like growth factor signaling, and mutations in mitochondrial genes have all been shown to extend the lifespan of Caenorhabditis elegans (Kenyon et al., Nature 366:461-464, 1993; Klass, Mech Ageing Dev 6:413-429, 1977; Lakowski and Hekimi, Science 272:1010-1013. Additionally, all of them extend the lifespan of mice (Bluher et al., Science 299:572-574, 2003; Conti et al., Science 314:825-828, 2006; Holzenberger et al., Nature 421:182-187, 2003; Liu et al., Genes Dev 19:2424-2434 Weindruch and Walford, Science 215:1415-1418 , 1982 . The mechanism by which these treatments extend lifespan is currently unknown, but our study uses an epistatic approach to show that these four manipulations are mainly additive in terms of lifespan. Classical interpretation of this data suggests that these manipulations are independent of each other. However, using a Gompertz mortality rate analysis, the maximum mortality rate doubling time can be achieved through the use of only dietary restriction and cold temperature, suggesting that the mechanisms by which cold temperature and caloric restriction extend lifespan are the only independent mechanisms.
Introduction
Although the number of manipulations that increase the lifespan of Caenorhabditis elegans has continued to grow, the exact mechanism by which these manipulations extend lifespan is still unknown. Of further interest, the exact cause of senescence, in this article defined as the increase in mortality rate seen with increasing age, is also unknown. If a single cause of senescence, such as free radicals generated by mitochondria, exists, then all these life-extending manipulations may have one mechanism in common. To determine if there is a single pathway by which senescence is retarded, we have examined four separate manipulations that have been shown to increase lifespan in C. elegans: dietary restriction (DR), cold-/hypothermic-induced longevity (CHIL), decreased insulin signaling, and mutations influencing mitochondrial respiration (Ball et al. 1947; Conti et al. Dietary restriction has been shown to extend lifespan by up to 50% in mammals (Davis et al. 1983; Yu et al. 1985; Weindruch and Walford 1982) . In several different worm models of dietary restriction, evidence has revealed that DAF-16, a forkhead box O (FOXO) transcription factor that is required for lifeextension via the insulin pathway, is not required for the life-extending effects of dietary restriction (Houthoofd et al. 2003; Lakowski and Hekimi 1998) . This observation suggests, contrary to the overwhelmingly compelling hypothesis, that the insulin-like pathway does not mediate the effects of dietary restriction. Using epistatic analysis, studies in both C. elegans (Houthoofd et al. 2003 ) and mice (Bartke et al. 2001) indicated that mutations in the insulin-like pathway and dietary restriction produced completely additive effects on maximum lifespan. However, these studies did not account for the fact that caloric availability produces a U-shaped function, the optimum of which could be influenced by the presence of insulin-like signaling. Addressing this question in more detail, Partridge and coworkers (Clancy et al. 2002) used epistatic analysis combined with a dose-response curve of caloric availability and found that caloric restriction and the insulin-like pathway were, in fact, not additive at optimum levels. They concluded that caloric restriction actually does increase maximum lifespan by reducing insulin-like signaling. Thus, at present, there is no consensus regarding this key question.
CHIL has been used to extend lifespan for many decades (Klass 1977; Liu and Walford 1970) . While CHIL is often dismissed as a natural result of the Arrhenius equation, relating temperature to reaction rate, several sources of data point to the contrary. Although metabolic rate tends to scale with temperature in exothermic animals (Tribe and Bowler 1968) , metabolic rate clearly does not determine lifespan (Yen et al. 2004) . Work in flies, worms, and mice has shown that metabolism and longevity are not always correlated (Arking et al. 1988; Dillin et al. 2002; Holloszy and Smith 1986; Houthoofd et al. 2002; Hulbert et al. 2004) . The effects of cold temperature on an organism are more complicated than usually appreciated. In mussels and worms, cold temperature has been associated with an increase in total protein and neurosecretory activity (Rao 1962) . Zebrafish, in response to cold temperature, increase specific antioxidant enzymes such as superoxide dismutase (SOD)-1 and SOD-2 (Malek et al. 2004) , and carp also show a specific gene expression profile in response to cold temperature that is reminiscent of those changes seen in calorically restricted mice (Gracey et al. 2004; Han and Hickey 2005; Lee et al. 1999 Lee et al. , 2000 . C. elegans also displays a specific physiological change in response to cold temperatures (Madi et al. 2003; Paul et al. 2000) , and it has even been noted that cold temperature is a type of mild stress, which suggests a possible hormetic effect. Wong et al. have shown that clk-1 mutants are insensitive to temperature changes during embryogenesis, which demonstrates that developmental adjustments to changing temperatures is an active process requiring genes such as clk-1 (Wong et al. 1995) .
The first single gene mutation that increased lifespan in C. elegans was named age-1 (Klass 1983 ). This mutation was later found to have a defective form of PI-3-kinase, a protein found in the insulin-signaling pathway (Morris et al. 1996) . The daf-2 mutation also increases maximum lifespan, and it was subsequently discovered that this gene codes for an insulin/insulinlike growth factor (IGF) receptor (Kenyon et al. 1993; Kimura et al. 1997) . The primary transcription factor that is responsible for the activation of the antisenescence program was discovered to be DAF-16, a member of the forkhead family of transcription factors. Deletion of daf-16 prevents the daf-2 or age-1 mutations from conferring their usual antisenescence phenotype (Kenyon et al. 1993; Tissenbaum and Ruvkun 1998) . Defective insulin/IGF signaling is also associated with an increased lifespan in several other species. In Drosophila, chico flies that have reduced insulin signaling and flies that have had their insulinlike peptide-producing median neurosecretory cells ablated experience an increase in lifespan (Broughton et al. 2005; Clancy et al. 2001) . Overexpression of dFOXO, a homolog of DAF-16, has also been shown to increase lifespan in flies (Giannakou et al. 2004; Hwangbo et al. 2004 ). Fat-specific insulin receptor knockout (KO) mice have an increased lifespan (Bluher et al. 2003) , as do both growth hormone receptordeficient and IGF receptor KO mice (Coschigano et al. 2003; Holzenberger et al. 2003) .
Another category of life extending manipulation is disruption of the mitochondrial proteins involved in the electron transport chain (Feng et al. 2001) . Excluding complex II, RNAi of any complex of the electron transport chain increases the lifespan of worms (Curran and Ruvkun 2007; Dillin et al. 2002) . The complete mechanism by which mitochondrial mutations extend lifespan has not been elucidated, but evidence has suggested that it does not require daf-16 and is partially dependent on aak-2 (Dillin et al. 2002) . A specific mutant, clk-1, has been shown to extend lifespan (Wong et al. 1995) , possibly through its preferential usage of complex II instead of complex I (Kayser et al. 2004) . This mutant will be used in our subsequent studies. The mechanism by which clk-1 extends lifespan is controversial. Studies have both shown that clk-1 does and does not extend lifespan when the worms undergo dietary restriction (Braeckman et al. 2000; Lakowski and Hekimi 1998) . This difference may be explained by the difference in application of caloric restriction. Lakoswki and Hekimi utilized the eat-2 mutant while Braeckman et al. used axenic media. What has been established is that clk-1 has an additive effect when crossed with daf-2 worms (Lakowski and Hekimi 1996) . Mitochondrial mutations in mice have also been shown to extend lifespan. One mammalian study on clk-1 has shown a 15% increase in lifespan (Liu et al. 2005 ). In addition, mice lacking p66shc live 30% longer than wild type (Migliaccio et al. 1999) . Recent work has shown that p66shc is associated with mitochondrial membranes and has been shown to regulate mitochondrial transmembrane potential (Orsini et al. 2004 ).
In the field of aging research, epistatic analysis using survival curves and average lifespan has become a standard method of determining the independence of genes and pathways (Bartke et al. 2001; Bonkowski et al. 2006; Braeckman et al. 2000; Clancy et al. 2002; Kenyon et al. 1993; Lakowski and Hekimi 1998; Tissenbaum and Ruvkun 1998) . As such, this study uses a similar epistatic design. In addition to analyzing survival curves and average lifespan, these studies will also analyze the mortality rate as modeled by the Gompertz equation.
The Gompertz equation is an empirically derived formula that relates the arithmetic progression of time to the geometric progression of mortality rate and is written as:
A is the initial mortality rate, and G is the Gompertz variable, which quantifies the age-dependent acceleration of mortality rate. G is inversely related to the mortality rate doubling time (MRDT) where MRDT = ln2/G. Human studies have shown that the MRDT is stable even under conditions where extrinsic mortality rates are highly variable (Finch 1990; Finch et al. 1990 ). In Drosophila, Spencer and Promislow compared seven different wild-caught strains and found that although they all had different average lifespans, their Gompertz variable was not significantly different (Spencer and Promislow 2005) .
Material and methods

Worm strains used
The following strains were used in the experiments:
Wild type None N2
Data from both strains of clk-1 mutants were pooled together, as there was no statistical difference between the lifespans and survival curves and did not make a difference in the analysis.
Lifespan assays
Lifespan studies were performed as in Adachi and Ishii (2000) . Eggs were collected from gravid nematodes by standard hypochlorite treatment and grown on standard nematode growth media (NGM) plates at 16°C to prevent dauer formation in daf-2 worms until L4-adult stage. The worms were then transferred to media that is supplemented with 5-fluorodeoxyuridine to inhibit growth of progeny and transferred to fresh media every week or month for monoxenic or axenic cultures, respectively. Worms were scored at least every 3 days to check for dead worms. Worms that were not moving or did not respond to gentle prodding from a platinum wire were scored as dead. Any worms that died of internal hatching or crawled off the plate were censored on the date that they were last observed. All worms were maintained at 25°C for the control temperature or 16°C for the cold temperature.
Animals C. elegans were maintained on NGM plates seeded with OP50 strain of Escherichia coli or axenic media supplemented with cholesterol. OP50 is a uracil auxotrophic strain that has limited growth ability to facilitate the counting of the worms on the plate. Axenic medium is a liquid medium devoid of any bacteria and is made of 3% w/v soy peptone, 3% w/v yeast extract, 0.5 mg/ml hemoglobin, and 5 μg/ml cholesterol. This medium was supplemented with 50 µg/ml ampicillin and 25 µg/ml tetracycline to prevent bacterial growth.
Gompertz analysis
Maximum likelihood estimates (MLE) for G and A variables were obtained with WinModest and reconfirmed with a separate script written for the freely available R statistical programming environment (Yen et al. 2008) . Hypothesis testing for the MLE values to test for significant changes in Gompertz variables utilized a Student's t test on the values obtained by at least three independent replications (average number of animals per cohort = 101). MLE are asymptotically (meaning, as the number of samples tend to infinity) unbiased, efficient, and normally distributed (Eliason 1993) .
Results and discussion
Average lifespan analysis
As can be seen in Tables 1 and 2 and Fig. 1 , cold temperature significantly increased average lifespan in all but one group. Ad lib fed, daf-2 worms did not experience a significant increase with cold temperature, but there was a trend (p = 0.067). Dietary restriction significantly increased the average lifespan for all but three groups. All three groups had the daf-2 mutation (daf-2 or clk-1;daf-2 worms). Two were at 16°C while the third daf-2 at 25°C showed a slight trend toward significant (p=0.09). In our hands, the clk-1 mutation did not significantly increase lifespan for most conditions. Two notable conditions where addition of the clk-1 mutation significantly increased lifespan were both at 25°C and under dietary restriction. When compared to wild-type worms at 25°C under dietary restriction, the addition of the clk-1 mutation significantly increased the average lifespan by 29.6%. The double mutant clk-1;daf-2 worms maintained at 25°C under dietary restriction also had a significant increase of 20.0% in average lifespan compared to daf-2 worms at 25°C under dietary restriction. The addition of the insulin/IGF signaling mutation, daf-2, significantly increased the average lifespan in all but three conditions. Decreasing insulin signaling did not significantly increase the lifespan of any group at 16°C under dietary restriction whether it was wild-type worms or clk-1. The third group that did not have a significant change with decreased insulin signaling was wild-type, ad lib fed worms at 16°C, although there was a trend (p=0.06).
Gompertz analysis
As seen in Tables 3 and 4 and Fig. 2 , cold temperature significantly decreased the Gompertz variable for all but two groups. Both clk-1;daf-2 groups did not show a significant decrease in G, but both had a trend toward significance (p<0.07). Dietary restriction also Table 2 DR dietary restriction, SE standard error significantly decreased G in all but three groups. daf-2 worms at 25°C and clk-1;daf-2 worms at 25°C or 16°C did not have a significant decrease in G. The clk-1 mutation did not show a significant decrease in G for any condition. Decreased insulin signaling only decreased G for ad lib fed, wild-type, and clk-1 worms maintained at 25°C. As seen in Fig. 3 , the minimal Gompertz value achieved occurred with DR and cold temperature. Further addition of various treatments, although extending average lifespan, had no significant effect on G. Few changes in the initial mortality rate (A) were detected. The lack of a significant finding is not surprising, as it has been shown that A is highly variable (Promislow et al. 1999) . CHIL increased A for both daf-2 and clk1/daf-2 worms on DR, and dietary restricted daf-2 worms had a decreased A compared to dietary restricted N2 worms. Lastly, a significant increase in A was observed in ad lib daf-2 worms at 16°C that were subjected to DR.
Epistatic analysis can be performed using several different methods . When specifically considering average lifespan analysis, it is unknown how independent mechanisms will affect lifespan. Does one add the absolute number of days gained for each single treatment (i.e., each treatment increases lifespan + days), add the percent increase for each treatment (i.e., each treatment increases lifespan + percent of wild type), or multiply the percent increase for each treatment (i.e., each treatment increases lifespan × percent on top of the previous treatment)? Empirically, it seems that multiplying the percent increase allows for the closest approximation to the actual data in this study.
Based on the epistatic analysis of average lifespan, several interactions between treatments are observed. Temperature has an antagonistic effect on insulin/IGF signaling. At 16°C, the effect of the decreased insulin/ IGF signaling on lifespan is decreased by 50%. This interaction between temperature and the daf pathway has been noted previously by Golden and Riddle (1984) . Dietary restrictions by axenic media and insulin/IGF signaling also seem to share overlapping mechanisms. Under control conditions, DR or decreased insulin/IGF signaling increases lifespan 50% and 100%, respectively. When combined, the effects of either DR or the daf-2 mutation are ameliorated and the average lifespan of the combination are less than would be predicted. The effects of the clk-1 mutation on lifespan were less predictable, and the lack of replication of clk-1 effects on lifespan under standard conditions may be due to the fact that our control worms lived an average of 15.9 days compared to those of Lakowski and Hekimi that lived an MRDT is equal to ln(2)/G. A table indicating significant comparisons can be found in Table 4 G quantifies the age-dependent acceleration of mortality rate, A initial mortality rate variable, MRDT mortality rate doubling time, SE standard error average of 9.2 days (Lakowski and Hekimi 1996) . While no effect on lifespan was observed under control conditions, there was a significant effect of clk-1 under DR conditions at 25°C either on wild-type background or combined with the daf-2 mutation, indicating that there is an interaction between the two pathways. Analysis of the Gompertz variable does not corroborate the interaction between temperature and the daf-2 mutation, as the change in Gompertz variable with cold treatment was indistinguishable between daf-2 mutants and other groups. This suggests that the interaction between daf-2 and temperature seen with average lifespan analysis may be due to changes in initial mortality rate. Although there is no interaction between daf-2 and temperature on the Gompertz variable, we were able to corroborate the interaction between DR and the daf-2 mutation. In addition, there was a surprising and significant interaction between DR and temperature. The addition of cold temperature to worms under DR causes a significant decrease in G (72% decrease) when compared to ad lib fed worms that are placed in cold temperatures (50% decrease). This synergistic effect may indicate an interaction between the two treatments. The clk-1 mutation did not have any significant effect on G, and this suggests that clk-1 does not affect senescence, which may also apply to other mitochondrial mutations.
As with any epistatic analysis, there are caveats to the interpretation of the data . In particular, nonnull mutations can give the false impression that pathways are independent when they are not. In this study, the clk-1 mutations tested are functional null mutations (e2519 is a missense mutation and qm30 is a deletion mutation) that both completely suppress the synthesis of ubiquinone (UQ9; Ewbank et al. 1997; Miyadera et al. 2001) . While the daf-2 mutation used is not a null mutation (null mutations prevent the worms from developing into an adult), the worms are phenotypically similar to null mutations (i.e., they form 100% dauers) at our control temperature of 25°C. This, nonetheless, may explain why we find an additive effect on lifespan of insulin/IGF signaling in combination with other treatments. In fact null mutants of PI3K, a downstream kinase of the insulin/IGF signaling pathway, have extreme longevity beyond that of daf-2 mutants (Ayyadevara et al. 2008) . The optimization of DR protocol used in this study, for technical reasons, was not possible with this method of DR. Although it is easy to get an additive effect with suboptimal epistatic analysis, our study highlights the importance of The finding that only DR and CHIL are the only independent pathways is actually strengthened, given that not all our parameters were optimized.
Contrary to some of the previous studies performed in other species (Bartke et al. 2001; Houthoofd et al. 2003; Panowski et al. 2007) , our data clearly find that the insulin/IGF pathway and DR have significant interactions and may ultimately use the same pathways to extend lifespan. This has also been demonstrated in flies (Clancy et al. 2002) . The minimum Gompertz variable value occurs with DR and cold temperature, suggesting that the other manipulations utilize a common pathway to reduce age-related mortality rate, and we find that even DR and CHIL have a synergistic relationship that may indicate an interaction between the two.
Although we have not directly identified the pathways involved in senescence in this study, there are many possible connections between DR and insulin/IGF signaling (reviewed in Narasimhan et al. 2009) . On a biochemical level, free radicals are implicated in senescence and in mouse studies, DR decreases free-radical production from the mitochondria (Gredilla et al. 2001) . In worms, insulin/IGF mutants have an increase in free-radical resistance (Gredilla et al. 2001; Honda and Honda 1999) . Although free radicals have been correlated with senescence, in both mice and worms, there is increasing evidence that they may not be the causative agent (Doonan et al. 2008; Ran et al. 2007; Van Raamsdonk and Hekimi 2009; Van Remmen et al. 2003; Yen et al. 2009 ). The target of rapamycin pathway, which may also link DR and insulin/IGF signaling, regulates autophagy, and this is important for both DR and insulin/IGF mediated longevity (Hansen et al. 2008; Kaeberlein et al. 2005; Kapahi et al. 2004; Melendez et al. 2003) .
Our results suggest that there may be a final common pathway by which all life-extending manipulations decrease senescence, and concentration on the mechanisms by which DR and CHIL extend lifespan may explain the cause of senescence. Because all of these treatments also extend the lifespan of mice, it may indicate that there is a common cause of senescence for all organisms.
